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Abstract 
Large-scale geological storage of CO2 is likely to bring CO2 plumes into contact with a large number of existing wellbores. 
Wellbores that no longer provide proper zonal isolation establish a primary pathway for a buoyant CO2-rich phase to escape from 
the intended storage formation. The hazard of CO2 leakage along these pathways will depend on the rate of leakage. Thus a 
useful component of a risk assessment framework is a model of CO2 leakage. 
Predicting the flux of CO2 along a leaking wellbore requires a model of fluid properties and of transport along the leakage 
pathway. Leakage large enough to be a concern is most likely to occur along a defect (fracture, microannulus, gas channel) in the 
steel/cement/earth system, rather than through the cement matrix. This type of discrete leakage pathway has a specific geometry, 
and its hydraulic conductivity is therefore sensitive to the effective stress (confining earth stresses less pore fluid pressure).  
Wells that exhibit sustained casing pressure (SCP) are a good analogue to evaluate the likely geometry of leakage pathways. 
We have implemented a SCP model described in the literature, which yields an estimate of the depth of the leakage source and 
the effective permeability of the leakage pathway. The latter value can be converted into equivalent geometries of discrete 
pathways, e.g. the average aperture of a microannulus.  
We next describe a model for flow of CO2 along a discrete pathway. To obtain worst-case estimates of flux, we assume single-
phase flow of CO2 and a continuous pathway of constant aperture. The properties of CO2 vary along the pathway and are 
computed with the Peng-Robinson equation of state, with an imposed temperature variation (usually geothermal gradient).  
The new model can assess CO2 leakage provided the information about the depth of leak and effective permeability from the 
SCP model. Using a range of pathway geometries consistent with observations in SCP wells, we obtain a range of CO2 fluxes for 
various boundary conditions. For example, through a well whose leakage pathway is 5000 ft long and has effective permeability 
50 microdarcies, a CO2 flux of 2 mg/m2/s would leak from the formation, if it were stored at hydrostatic pressure. We estimate 
the range of CO2 flux based on the range of effective permeability calculated in the SCP model. Generally both the upper bound 
and lower bound of CO2 flux increases with the increase of effective permeability. We then plot the range of CO2 flux at different 
leakage depth. It does not show a big change in CO2 flux when the leakage depth increases. We calculate the range of CO2 flux in 
the case that the wellbore encounters pressure elevation during injection. The CO2 flux increases faster in deep leak than in 
shallow leak. 
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1. Introduction 
One of the main concerns of a carbon capture and geological storage (CCS) project is leakage of the injected CO2 
into other compartments of economic or environmental value [1]. Carbon dioxide that exists as a separate phase 
(supercritical, liquid or gas) may escape from formations used for geological storage through man-made pathways, 
such as poorly completed and/or abandoned wells pre-dating storage operations [2]. An environmental risk 
assessment framework is necessary to determine the risk of CO2 leakage. A useful component of such a framework 
would be a physics-based model to quantify leakage rates of CO2 through leaky wellbores [3].    
Stored CO2 moves during injection and may continue to migrate after injection through permeable layers. The 
movement can bring the CO2 plume into contact with existing wellbores (Figure 1). Wellbores that no longer 
provide proper zonal isolation establish a primary pathway for a buoyant CO2-rich phase to escape from the 
intended storage formation to shallower subsurface formations and to the surface. To evaluate the hazard of CO2 
leakage along wellbores, we need a model of fluid properties and of transport along the leakage pathway to forecast 
the flux of CO2. Leakage rates large enough to be a concern are most likely to occur along a defect (fracture, 
microannulus, gas channel) in the steel/cement/earth system [4]. This type of discrete leakage pathway has a specific 
geometry, and its hydraulic conductivity is therefore sensitive to the effective stress (confining earth stresses less 
pore fluid pressure) [5].  
We address these issues first by using the sustained casing pressure (SCP) model for natural gas to estimate the 
effective permeability of leaky wellbores constructed (and remediated) for oil and gas production. We develop a 
similar model for the flow of supercritical CO2 along a comparable leakage path, and we apply this model using 
leakage path parameters typical of the SCP wells.. The principle underlying this approach is the analogy of leakage 
pathway between SCP and CO2 leakage (Figure 2). Conduits within cement should behave in essentially the same 
way in both cases. Though the interface differs between these two (cement/steel interface relevant to gas well SCP 
while cement/earth interface relevant to CO2 leakage), we expect that the effective permeabilities of the two types of 
wellbore leakage paths should be of similar magnitude. Thus by studying the nature of leakage pathways in gas 
wells, we can estimate the range of leakage rates likely to occur in a CO2 sequestration operation. 
 
 
Figure 1: CO2 plume migrates through permeable layers and leaks 
through existing wellbores which do not have proper zonal isolation.   
Figure 2: Natural gas leaks in an analogous way to the CO2 migration 
along an existing wellbore. The similarity is in the leakage pathway 
(cement portion).  
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2. Sustained Casing Pressure Model (Natural Gas Wells) 
2.1. Review 
We have implemented a SCP model described in the literature [6,7]. The geometry of the well construction 
constrains the possible range of some parameters in the SCP model. Because several parameters are coupled, the 
sensitivity of the SCP model to input parameters provides some insight into the behavior of the CO2 leakage model. 
In our past work we have summarized the geometric and physical constraints as well as model sensitivity [8]. The 
three input parameters of greatest interest are leakage depth, length of mud column and mud density. The length of 
cement column is coupled with leakage depth and length of mud column because the SCP model has a fixed spatial 
reference point (z = 0 at the wellhead).  
2.2. Range of Effective Permeability 
Due to the uncertainty in input model 
parameters, the resulting effective permeability 
is not unique. Bounds on its value can however 
be obtained by considering the constraints on 
the input parameters. Figure 3 shows the 
ranges of effective permeability inferred from 
the SCP model for seven wells from four 
different fields. An average rate of pressure 
build up was obtained from the records for 
each well. Since the flux/gradient relationship 
of Darcy’s law has the first-order effect, the 
upper and lower bounds on the permeability 
range both increase as the pressure build up 
rate increases. The well with large build-up 
rate is an example of a worst-case leakage 
path. The wells with small build-up rates are 
examples of small leakage paths that are large 
enough to require attention during oilfield 
operations. The trend in Figure 3 provides a 
foundation for developing a probabilistic 
estimate of leakage rates. In this work the 
ranges of effective permeability in Figure 3 are 
used as inputs in the CO2 leakage model which 
we describe later on. 
3. CO2 Leakage Model (Existing Wells Encountered by CO2 Plume) 
3.1. Review 
We developed a CO2 leakage model described elsewhere [9]. We consider a situation in which the CO2 plume 
comes into contact with a leakage path at time tarr during the injection period (Figure 4). The pressure at the base of 
the leakage pathway increases during CO2 injection and declines after injection stops. The CO2 leakage pathway is 
in two parts (Figure 5). The deeper part is a defect in the wellbore, like those in a well exhibiting SCP. The upper 
part is a water saturated porous medium which is assumed to have no resistance to flow. Moreover we assume that 
only CO2 is flowing and establishes a steady saturation in the pathway. The pathway is modeled as an equivalent 
Darcy continuum. 
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Figure 3: Range of effective permeability of leakage paths in wells with sustained 
casing pressure can be estimated based on the pressure build up rate. 
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Figure 4: CO2 injection begins (t = tstart) and stops (t = 
tend), corresponding to an increase in reservoir pressure. 
Pressure decreases after injection stops. 
Figure 5: Schematic of CO2 leakage pathway: cement defect in the lower portion and 
water saturated porous medium in the upper portion.  
In the case that CO2 flow is driven by buoyancy only corresponding to the post injection period in Figure 4, the 
potential gradient of CO2 is:  
( )g gz     (1) 
During the injection period corresponding to the time period between tstart and tlate in Figure 4, CO2 flow is driven 
by both buoyancy and pressure elevation at the leakage source. The potential gradient is given by: 
( )g cgz p     (2) 
The properties of CO2 vary along the pathway because both pressure and temperature vary. We use the Peng-
Robinson equation of state [10] and assume an imposed temperature variation (usually geothermal gradient). 
Viscosity data are interpolated from the Chemistry Webbook [11] at National Institute of Standards and Technology. 
3.2. Example of a Single Well 
We consider a situation that CO2 plume encounters the well of Field B in Figure 3. Suppose the effective 
permeability is 50 D, corresponding to the middle point of the range of values estimated for this well. Suppose 
further that CO2 leakage has a pathway starting at 9000 ft depth and the cement portion of the pathway is 5000 ft 
long. Assume CO2 is rising only by buoyancy, i.e. that the CO2 pressure at the leakage source point is hydrostatic. 
The temperature profile is imposed as a geothermal gradient of 1.6 °F/100 ft and a surface temperature of 60 °F. The 
cross-sectional area in the upper portion of leakage path (between 0 and 4000 ft) is assumed to be the same as in the 
lower portion of the leakage path (between 4000 and 9000 ft). The area for the lower portion is taken as the annulus 
area, i.e. between the outer diameter of the inner casing and the inner diameter of the outer casing. The steady CO2 
leakage flux is 2 mg/m2/s, equivalent to 63 kg/m2/y. This is a worst case flux due to the assumption that the cross-
sectional area is constant along the entire pathway. It is likely that the CO2 would spread across a considerably 
larger area as it rises through the water-saturated porous media. For comparison Allis et al. [12] reported that CO2 
background flux at the earth's surface is up to 0.2 mg/m2/s. An example of a large flux would be Crystal Geyser 
(UT), where seepage from a thermogenic accumulation of CO2 reaches 8 mg/m2/s at the localized high flux surface. 
Thus the CO2 flux in our example is above the background range but below high flux in nature.  
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3.3. Range of CO2 Leakage Rates 
Based on the range of effective 
permeability shown in Figure 3, we 
assume the leakage path for CO2 is 
analogous to that for natural gas (same 
leakage depth, same length of cement 
portion in the pathway and same cross-
sectional area). Assume further that CO2 
flux is driven by buoyancy only (a 
hydrostatic gradient of 0.465 psi/ft is 
applied). We calculate for each well the 
range of CO2 leakage flux (Figure 6).  
Since the CO2 flux has strong 
correlation (linear) with effective 
permeability of leakage pathway, the 
upper and lower bounds on the CO2 flux 
range both increase as the effective 
permeability increases. Due to the fact 
that CO2 leakage is outside of the casing, 
we usually do not consider the 
overpressure inside the casing caused by 
heavy mud weight. Thus the CO2 fluxes 
are smaller than the gas fluxes in 
overpressured SCP wells, in this case 
well numbers 5 and 7.  
The CO2 fluxes in Fig. 6 are 
appropriate along the wellbore but 
should be regarded as conservative 
(worst case) when compared to fluxes measured at the earth’s surface. The underlying assumption in the model is 
that the cross-section of the upper portion of the leakage pathway (through the earth formations in Fig. 5) is the 
same as in the lower portion (along the presumed defect within cement or between cement and earth or cement and 
steel). Even so, the average CO2 fluxes in wells 1 to 3 in Field A are near background range. Well No. 4 and 5 could 
have a CO2 flux ranging from high flux (above Crystal Geyser) to low flux (below background). The flux in well 
No. 6 is always above background. The CO2 flux in well No. 7 is the highest, all above the high surface flux in 
Crystal Geyser.  
The comparison to surface fluxes is illustrative, but because of the assumptions in the model an alternative 
measure, namely the mass flow rate (mg/s), should also be instructive. This is readily available from our model, but 
the comparison would require identifying the appropriate cross-sectional area for natural fluxes, which is not 
straightforward.   
3.4. Sensitivity to Leakage Depth 
It is instructive to see how the range of CO2 flux changes with depth of the formation containing CO2. To do this, 
we suppose that the bottom of each leakage pathway in the SCP wells is placed in contact with a storage formation 
at the desired depth. We assume the length and cross-sectional area of the cement portion of the leakage pathway are 
the same as in the actual well. To provide conservative (worst-case) estimates of flux, the length is chosen to 
correspond to the case which yields the upper bound of the effective permeability in SCP model. We assume CO2 is 
driven by buoyancy only. The results are shown in Figure 7. The range of CO2 flux slightly changes at different 
leakage depth for a particular leaky well. The flux decreases with deeper leakage depth because the buoyancy 
driving force in Eq. (1) decreases as CO2 density increases with depth. The fluxes are decreased by up to 50% when 
the leaky wells go from shallow formation to deep formation. The effect of leakage depth on CO2 flux is small 
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Figure 6: Range of CO2 flux if the seven wells shown in Figure 3 were in contact with 
stored CO2 rather than natural gas. The values are conservative as they assume the cross 
section of the leakage pathway is the same in the earth as along the wellbore (cf Fig. 5). 
Dashed lines indicate natural background flux and an example of a large, naturally 
occurring flux at Crystal Geyser (UT). 
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because CO2 is not very compressible 
and thus the driving force does not 
change significantly. This observation 
also applies on elevation pressure plus 
buoyancy driving force as in Eq. (2), 
because the pressure gradient caused by 
pressure elevation is not affected by the 
leakage depth, and hence the variation in 
CO2 flux at different leakage depth 
would be small. Thus we conclude that 
the hazard associated with CO2 leakage 
through wellbore is in the same 
magnitude at shallow or deep leakage 
depth.  
3.5. Sensitivity to Pressure Elevation 
We investigate how the range of CO2 
flux would change with respect to 
pressure elevation above hydrostatic. 
This could occur if, for example, the CO2 plume encounters the leakage point in the wellbore during injection. We 
assume the length and cross-sectional area of the cement portion of the leakage pathway are the same as in the above 
discussion. We consider two leakage depth scenarios: shallow leak (4000 ft) and deep leak (10000 ft). The ranges of 
CO2 flux for the seven leaky wells are plotted versus pressure elevation in Figure 8. The flux increases as the 
amount of injection pressure increases. The CO2 fluxes in high pressure elevation case (1000 psi) are about two 
times that in buoyancy only case for a shallow leak and three to four times for a deep leak. The faster increase in 
deep leak is because the buoyancy driving force diminishes as the injection pressure increases, while in deep leak 
the buoyancy force decreases slower than that in shallow leak due to CO2 supercritical status.  
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Figure 8: Range of CO2 flux under different pressure elevation (relative to hydrostatic) at shallow depth (left) and deep depth (right). CO2 flux 
increases faster in deep leak than in shallow leak. 
4. Conclusion 
Our CO2 leakage model allows estimating flux of CO2 along a wellbore. The model is based on the analogy of 
leakage pathway between SCP natural gas and CO2 leakage. By using the SCP model we are able to estimate the 
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Figure 7: Range of CO2 flux at different leakage depth for the seven wells. It shows slight 
change with leakage depth.  
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range of effective permeability of a particular well, thus accounting for uncertainty in well construction parameters. 
The upper bound and lower bound of effective permeability show a nonlinear correlation with the average rate of 
pressure build up observed in each well. 
With the assumption that the leakage paths in the SCP wells are representative of leakage paths along wells likely 
to be encountered by a plume of stored CO2, we can calculate plausible ranges of CO2 fluxes. For these wells, the 
range spans six orders of magnitude, from 10-2 mg/m2/s to 104 mg/m2/s, when the leakage is driven by buoyancy 
only. These fluxes are relevant along the wellbore portion of the leakage pathway, but are very conservative (upper 
bounds) for the upper portion of the leakage pathway, which is not confined to the wellbore. Nevertheless the fluxes 
for five of the seven wells are in the range between natural background flux and a large naturally occurring flux, 
both measured at the earth’s surface.  
Assuming constant leakage pathway geometry, we calculate the range of CO2 flux from storage formations at 
different depths. It shows slight changes in CO2 flux as the depth increases. The risk of CO2 leakage would be in the 
same magnitude at different leakage depth. We also calculate the range of CO2 flux when the wellbore encounters 
pressure elevation during injection. The CO2 flux increases faster in deep leak compared with shallow leak.  
Acknowledgement 
We are grateful to the sponsors of Geologic CO2 Storage Industrial Associates Project at The University of Texas 
at Austin: BP, Chevron, ConocoPhillips, ExxonMobil, Foundation CMG, Halliburton/Landmark Graphics, 
Luminant, Shell and Statoil. 
References 
[1] Oldenburg, C.M., Bryant. S.L., and Nicot, J.P. (2009) “Certification Framework Based on Effective Trapping for Geologic Carbon 
Sequestration,” Int. J. of Greenhouse Gas Control 3, 444–457, LBNL-1549E. 
[2] Intergovernmental Panel on Climate Change (IPCC). (2005) “Special Report on Carbon Dioxide Capture and Storage (Metz, B., Davidson, 
O., de Coninck, H., Loos, M., Mayer, L., eds.)” Cambridge University Press, Cambridge, UK, and New York, NY, USA.  
[3] Celia, M.A., Nordbotten, J.M., Court, B., Dobossy, M., and Bachu, S. (2010) “Field-scale application of a semi-analytical model for 
estimation of leakage potential along old wells,” Proc. 10th Int. Conf. Greenhouse Gas Control Technologies. Amsterdam, the Netherlands. 
19-23 September. CD ROM, Elsevier. 
[4] Crow, W., Carey, J.W., Gasda, S.E., Williams, D.B., and Celia, M.A. (2010) “Wellbore integrity analysis of a natural CO2 producer,” 
International Journal of Greenhouse Gas Control (4): 186-197. 
[5] Huerta, N.J., Bryant, S.L., Strazisar, B.R., Kutchko, B.G., and Conrad, L.C. (2009) “The influence of confining stress and chemical 
alteration on conductive pathways within wellbore cement,” Energy Procedia, Vol. 1,No. 1, February, 3571-3578. 
[6] Huerta, N.J., Checkai, D.A., and Bryant, S.L. (2009) “Utilizing sustained casing pressure analog to provide parameters to study CO2 leakage 
rates along a wellbore,” Society of Petroleum Engineers. SPE International Conference on CO2 Capture, Storage, and Utilization. San Diego, 
California, USA. 2-4 November.  
[7] Xu, R. and Wojtanowicz, A.K. (2001) “Diagnosis of sustained casing pressure from bleed-off/buildup testing patterns,” Society of 
Petroleum Engineers. SPE Production and Operations Symposium. Oklahoma City, Oklahoma, USA. 24-27 Match.  
[8] Tao, Q., Checkai, D.A., and Bryant, S.L. (2010) “Permeability Estimation for Potential CO2 Leakage Paths in Wells Using a Sustained-
Casing-Pressure Model,” Society of Petroleum Engineers. SPE International Conference on CO2 Capture, Storage & Utilization. New 
Orleans, Louisiana, USA, 10–12 November. 
[9] Tao, Q., Checkai, D.A., Huerta, N.J., and Bryant, S.L. (2010) “Model to Predict CO2 Leakage Rates Along a Wellbore,” Society of 
Petroleum Engineers. SPE Annual Technical Conference and Exhibition. Florence, Italy. 20-22 September. 
[10] Sandler, S.I. (2006) “The Peng-Robinson equation of state,” Chemical, Biochemical and Engineering Thermodynamics. 4th Edition, 6 (4), 
208-210. 
[11] Lemmon, E.W., McLinden, M.O., and Friend, D.G. (2008) “Thermophysical Properties of Fluid Systems,” National Institute of Standards 
and Technology (NIST) Chemistry WebBook, NIST Standard Reference Database Number 69. URL: http://webbook.nist.gov/chemistry/. 
[12] Allis, R., Bergfeld, D., Moore, J., McClure, K., Morgan, C., Chidsey, T., Heath, T., and McPherson, B. (2005) “Implications of results from 
CO2 flux surveys over known CO2 systems for long-term monitoring,” Proc. 4th Annual Conf. on Carbon Capture and Sequestration 
DOE/NETL. 2-5 May. 
Q. Tao et al. / Energy Procedia 4 (2011) 5385–5391 5391
